For decoding the asynchronous superposition of response signals from different sensors, it is a challenge to achieve correlation in a code division multiplexing (CDM) based passive wireless surface acoustic wave (SAW) multisensor system. Therefore, an onchip correlator scheme is developed in this paper. In contrast to conventional CDM-based systems, this novel scheme enables the correlations to be operated at the SAW sensors, instead of the reader. Thus, the response signals arriving at the reader are the result of cross-correlation on the chips. It is then easy for the reader to distinguish the sensor that is matched with the interrogating signal. The operation principle, signal analysis, and simulation of the novel scheme are described in the paper. The simulation results show the response signals from the correlations of the sensors. A clear spike pulse is presented in the response signals, when a sensor code is matched with the interrogating code. Simulations verify the feasibility of the on-chip correlator concept.
Introduction
Owing to their inherent ability to work in harsh environments, completely passive wireless operation and reliable, maintenance-free life cycle, surface acoustic wave (SAW) sensors have a variety of applications, including structural health monitoring, environment sensing, and tire pressure monitoring [1] [2] [3] . Generally, these applications require several SAW sensors working together with a reader to sense specified information around. These sensors operate without any battery and communicate with the reader wirelessly. These special features can enhance the convenience and durability of many kinds of applications. A typical passive wireless SAW multisensor system is shown in Figure 1 . When a signal sent from the reader reaches the sensors, it is transformed into SAW to accomplish sensing operations by each sensor. The response signals from all the sensors are fed back to the reader, for data collection. Then, a distributed monitoring task is completed by this passive wireless SAW multisensor system.
In the SAW multisensor system, a major challenge is the communication collision among sensors. The strong interference between the response signals from different sensors makes it difficult for the reader to distinguish the signals from each sensor. This collision problem is similar to that observed in wireless communication systems; and the typical methods to solve it are frequency division multiplexing, time division multiplexing (TDM), space division multiplexing, and code division multiplexing (CDM) [4] . Frequency division multiplexing, which involves allocating a unique carrier frequency to each sensor, is the method mainly used in commercial SAW sensors. However, the scarcity of frequency bands seriously restricts the capacities of multisensor systems. Based on the natural time delay of the SAW chip, TDM divides the response delay time into several slots. Each time slot is allocated to a different sensor, and the response signals from different sensors are identified by the different delays [5, 6] . However, the delay time of a SAW sensor is restricted by the chip size and propagation loss; thus the capacity of the TDM SAW system is limited. Space division multiplexing is based on spatial focusing to minimize the number of sensors and reduce the collision probability. Therefore, the reader needs a special antenna with 15 to 18 dB of gain and a beam width between 20
∘ and 30 ∘ to achieve spatial focusing. However, due to its principle, collisions cannot be avoided completely by this method. Code division multiplexing, used in multisensor systems, is based on the orthogonality of the sensors' codes, such as orthogonal frequency coding or pulse position coding, and the correlation operation takes place at the reader. To discriminate sensor codes, the reader is requested to determine the accurate arrival time of each response signal before synchronous cross-correlation detection, which is difficult for passive wireless SAW systems [7, 8] . Therefore, the asynchronous correlation is a major challenge for the CDM-based SAW multisensor systems. Some researchers have been working on the problem of selecting a group of codes that exhibit very low cross-correlation, to accomplish asynchronous correlation operation. However, for a limited code length, it is difficult to select a large code set [9] .
To solve the asynchronous correlation operation, this paper presents a correlator integrated on a SAW sensor chip, which is allocated with a unique code in an orthogonal code set. The correlation operation is achieved at each sensor instead of the reader. The reader sends an interrogating signal corresponding with a sensor code and modulated by the carrier wave. For the orthogonality of the sensors' codes, correlation is achieved undisturbedly by the correlator on each sensor chip, respectively. Then the responses of the sensors in the coverage of the interrogating signal are fed back to the reader. The sensor which corresponds with the interrogating signal is determined from the results of the correlation. Therefore, the on-chip correlator method presented in this paper is suitable for passive wireless SAW multisensor systems.
Operation Principle
The operation principle of the novel SAW multisensor system is shown in Figure 2 . The reader can achieve the generation and transmission of interrogating signal, the reception of response signals from sensors, and the decision of a matched sensor. Each sensor receives the interrogating signal, which is transformed into SAW. Then the sensing and correlation are implemented by the correlator on the sensor chip and the result of the correlation is transformed back to the reader. For the passive operation feature, all the operations on the sensor are completed by the interdigital transducers (IDTs).
The initial embodiment of a SAW sensor structure is shown schematically in Figure 3 . The sensor contains two clusters of IDTs on a piezoelectric substrate. In order to reduce the losses, the structure periodicity of the IDTs is equal to the wave length of the input signal with frequency . All the IDTs are connected to the antenna in parallel by the bus line. In order to implement the correlation on chip, the right cluster of IDT is divided into groups, and each group contains ℎ pairs of electrodes. Z and ℎ are both integer variables. There is no gap between any adjacent groups. As shown in Figure 3 , all of the sequenced IDT groups are connected to the bus line in homopolarity or heteropolarity, which is determined by a binary code allocated. For example, +1 indicates homopolarity and −1 indicates heteropolarity. In a multisenor system, the binary code of each sensor, called as sensor code, is encoded orthogonally to others. Figure 3 shows a sensor structure with code [+1, −1, +1, −1, −1, +1]. Therefore, the structure described above can realize correlation operation between the input code signal and the sensor code. The time-varying multiplication of the correlation calculation is achieved by utilizing the SAW delays and polarities of different groups of IDT. The accumulation of the multiplication results in the correlation calculation is implemented by the bus line structure connecting the IDTs.
When the system operates, the reader sends an interrogating signal with a binary code called interrogating code. The encoded interrogating signal is received by the antenna of a sensor and reaches the two clusters of IDT. Then, a series of signal transformations is done by the IDTs on the sensor chip.
On the left cluster, a SAW signal is converted from the encoded interrogating signal by the IDT and propagates to the right cluster of IDT after about a few microseconds delay time. The IDT converts the SAW signal into an electric signal, and at the same time the cross-correlation operation between the interrogating code and the sensor code is done by the structure of the right cluster of IDT. The electric signal contains the result of the cross-correlation operation.
On the right cluster, the IDT implements the crosscorrelation operation with the encoded interrogating signal firstly and launches a SAW signal corresponding to the result of the cross-correlation operation. Then the SAW signal is transduced into an electric signal by the left cluster of IDT.
The electric signals resulting from both sides of the sensor chip are summed by the bus line and resent to the reader through the antenna. For the orthogonality of the sensor codes in a multisensor system, if the interrogating code is matched with a sensor's code, then the response signal from the sensor chip shows a spike; else the response signal is expressed as noise. Therefore, the reader can discriminate the sensor which is matched with the interrogating code from the returned signal. When all codes in an orthogonal code set are sent with interrogating signal by reader separately, every sensor of the system is accessed and discriminated successfully.
Furthermore, the phase of the spike signal responded from the matched sensor can be demodulated by the reader. Then the signal sensed by the sensor is read out from the variety of the phase of the spike signal. Therefore, the interference problem among the response signals from different sensors is solved by the method of on-chip correlation operation. Then, a passive wireless SAW multisensor system is achieved by the correlator design on sensor chips.
Signal Analysis
The theory analysis presented is based on the signal transfer process of the SAW correlator. In order to execute the correlation operation, the interrogating signal is a composite of interrogating code and carrier signal. Defining the period of the carrier signal as T, the symbol time of the interrogating code = ℎ ⋅ , in accordance with the sensor structure. To simplify the analysis, the input signal of the correlator on a sensor, which is received from the interrogating signal by the antenna, can be defined as 
where ( ) is the carrier signal in the first symbol time of ( ), { } is a synthesis coefficient sequence of the interrogating code and propagating loss and is designated simply as the interrogating code, and , as the number of the code symbols, is the length of the interrogating signal. When ℎ and are each set to 2 and 6, respectively, an example of signal ( ) in time domain is shown in Figure 4 , and the interrogating code is set to [+1, −1, +1, −1, −1, +1]. In order to deduce the analysis simply and conveniently, the input signal ( ) also can be described as
where = ℎ⋅ , { } is another expression of the interrogating code with symbol width equaling and ( ) is a sine carrier signal with single period. Based on function model of IDT, the periodic pairs of electrodes in an IDT are equivalent to a series of independent wave sources [10] . Then, as shown in Figure 5 , the SAW signal transformed from electromagnetic wave can be simplified to be the superposition of the signals generated by all the electrode pairs of the IDT. As the frequency of the input signal ( ) matches the periodicity of the IDT structure, the SAW output signal of the IDT can be deduced as
where 0 is the transform coefficient of the IDT, is the number of the electrode pairs of the IDT, and = 0 indicates the right pair for the SAW propagating to the right. The SAW launched by the left cluster of IDT propagates along the substrate surface to the right cluster at the velocity of V SAW for a distance of . Assuming that the length of the sensor code is the same as that of the interrogating code , the pairs of the IDT in a symbol of the sensor code are / = ℎ.
As shown in Figure 6 , the right cluster of IDT detects the SAW signal and transfers it into charge signal ( ) by piezoelectric effect. ( ) as the summation of charges generated by all electrode pairs can be deduced as
where { }, as the synthesis coefficient sequence of a SAW sensor code and propagating loss, is defined simply as the sensor code with symbol width equaling and { } is another expression of the interrogating code with symbol width equaling ℎ ⋅ and 0 is the coefficient of transform from SAW to charge signal. Setting = − 1 − + + , then ( ) 
where 
which is the cross-correlation function of { } and { }. Then the current output of the right cluster IDT is deduced as output ( )
Therefore, the response signal of a sensor, interrogated by the reader, is a function of cross-correlation between the interrogating code and the sensor code.
When a sensor code { } is identical to the interrogating code { }, ( − − +1) as the cross-correlation function of { } and { } has a clear peak at − − +1 = 0. Then, = − +1. For ∈ [0, −1], the signal output ( ) has a spike pulse at the interval of −1 ≤ ≤ −1+ −1. When a sensor code is not identical to the interrogating code, for the orthogonality of the code set, the response signal of the interrogation is irregular and of low amplitude. Thus, a sensor with code = can be distinguished by interrogating signal with code { }. Therefore, the collision problem in the SAW multisensor system can be solved by using a correlator on each sensor chip and a group of sensor codes that exhibit high autocorrelation and low cross-correlation properties; this requirement is less stringent than that used in a conventional CDM-based system.
Simulation Experiment
Taking a SAW multisensor system with six sensors, for example, the sensor code length is assumed to be 16, and the code of each sensor is selected randomly and is shown in Table 1 . The symbol length of the sensor code is 49 periodicity lengths of the IDT. Then the numbers of electrode pairs of the left and the right clusters of IDT on every sensor are set to 10 and 784, respectively.
To discriminate sensor 1, the interrogating signal shown in Figure 7 is defined as sensor 1 code modulated by the carrier signal. The spaces between the symbols are reserved, to avoid intersymbol interference after IDT transformation. All the sensors receive the interrogating signal, which is transformed into SAW signals by the IDTs, and the output of each IDT is shown in Figure 8 . The trapezoidal amplitude of the emerging symbol wave is due to the time delays induced by the IDT length. When the interrogating signal is transformed into SAWs by the IDTs and propagates to the correlators of the sensors, cross-correlations are completed on every sensor chip. All the response signals from every sensor are superposed asynchronously at the reader, owing to the different distances between the sensors and the reader. Based on the proposed signal analysis, the response signal of each sensor was simulated and the delay of the response signal determined randomly. The simulation result is shown in Figure 9 . The response signals superposed asynchronously at the reader show a clear spike pulse, which is generated by the autocorrelation of sensor 1 code. Although the response signals from different sensors are asynchronous, sensor 1 can be distinguished by the reader from the response signals.
Similarly, if sensor 2 is required to be discriminated, the interrogating signal used is the sensor 2 code modulated by the carrier signal. The response signals of the sensors arriving at the reader are shown in Figure 10 , and a spike pulse verifies the existence of sensor 2. By the same approach, sensor 3 is discriminated by the response signals shown in Figure 11 . Therefore, using the on-chip correlator system, the problem of intersensor interference can be solved in a passive wireless SAW multisensor system.
Conclusions
In conventional CDM-based passive wireless SAW multisensor systems, the response signals from the sensors are distinguished by a correlation operation at the reader. However, for the asynchronous superposition of response signals from different sensors, it is difficult to achieve this correlation. To solve this problem, an on-chip correlator scheme is demonstrated. In contrast with conventional CDM-based systems, in this novel scheme, correlation takes place at the SAW sensor chip instead of the reader. Then, the response signals arriving at the reader are the results of cross-correlation on the chips. The reader can easily distinguish the sensor that is matched with the interrogating signal. Based on the novel scheme, the operating principle, signal analysis, and simulation are demonstrated. Three examples presented show the response signals from all the sensors for different interrogating signals. There is a clear spike pulse in the response signals, which is generated by the correlation of the sensor code that matches the interrogating signal. The simulations results verify the feasibility of the on-chip correlator concept, which can help to increase the number of simultaneous operational sensors. Future developments will focus on the fabrication process of the SAW correlator chip, performance testing, and potential applications.
